Reinforced concrete (RC) is the most widely used construction system in construction. The non-linear response of concrete when subjected to extreme dynamic loads such as blast is an important consideration for analysis and design of structures members. In this paper numerical modeling of RC column under blast load is presented using LS DYNA explicit dynamics software package. The accuracy of the model to simulate RC column responses to blast loads is verified by comparing the numerical simulation results with the test results available in the literature. A parametric study was chosen to investigate the effects of charge weight and stand-off distance on the dynamic behavior of RC column. The results of the numerical study show that the charge weight and standoff distance has a significant effect on the behavior of RC columns under explosion loading.
INTRODUCTION
RC structures are often subjected to severe impulsive loading conditions due to shock wave, blast wave and direct impact. Recent terrorist attacks and accidental explosions involving hazardous materials around the world have increased the need to study the behaviour of structures subjected to blast loading. Many impact and explosion incidents caused significant structural damages, which in turn generates huge amount of economic loss, and sometimes claimed many lives.
In response to threats from explosion and impact loads for human and infrastructure protection, the development of various impact and blast resistant design guidelines has recently become a priority of many governments worldwide [1] [2] [3] . Structures that suffer the effects of an explosion will react differently depending on the way the explosive is set up. When standoff distance from the detonation point is small and/or the charge weight is high, buildings suffer greater damage. Ngo explained that the bomb's charge weight and the standoff distance are the two parameters that most directly influence the blast surroundings [4] .
Many researchers [5] [6] [7] [8] have done various works on the RC components subjected to blast and reported improved performances over conventionally designed RC components. Computer related study on behaviour of reinforced concrete members has evolved in recent years from analytical studies to numerical analysis. The development of hydrocodes to augment experimental testing has witnessed increased interest in recent years. In this study, intensive numerical simulations are carried out to calculate the dynamic response of RC column subjected to blast loads of different standoff distance and charge weight. The numerical models are verified by comparing the field test data obtained by Baylot and Bevins [9] . Parametric studies were performed to study the effects of charge weight and standoff distance on the dynamic behaviour of the RC columns, and the findings signify the contribution of charge weight and standoff distance on the behaviour and damage modes of columns under blast loading.
FINITE ELEMENT MODELING OF RC COLUMNS
The RC column used herein is the same as the one used in the verification section. The details of the column are shown in Figure 1 . The concrete part of the column was modelled using solid elements. Both the longitudinal and transverse reinforcing steel bars were modelled using beam elements. The model builds with a uniform mesh of The 72Rel3 (MAT _CONCRETE_DAMAGE_REL3) concrete material model was used in modeling the behavior of the concrete columns [10, 11] . The 72Rel3 material model predicts the behavior of the concrete under blast loadings. The most significant user improvement by Release III is a model parameter generation capability, based solely on the unconfined compression strength of the concrete [12] .
The Material_Piecewise_Linear_Plasticity (MAT 24) is used for the longitudinal reinforcing steel bars as well as the transverse bars used in the numerical models. MAT 24 is an elasto-plastic material for which an arbitrary stress-strain curve can be defined [13] . Up to eight plastic strains and corresponding yield stress points can be set to define realistic non-linear stress strain behavior. The material model can also define an arbitrary strain-rate.
MAT 24 can be set to fail based on the plastic strain value or a minimum time-step size.
In reinforced concrete, the concrete's weakness in tension is compensated by using reinforcing bars. Effective bonding of the plain concrete and the reinforcing bars ensures transmission of the tensile forces from the concrete to the reinforcing bar. In this analysis, bond slip is accounted for using the contact function Contact 1D in LS-DYNA.
The footing and head are included in the numerical model to provide higher fidelity for the column constraints.
Horizontal constrains (x-and y-direction) are implemented at the outer vertical face footing and head, and the bottom face of the footing is further constrained against vertical displacement (z-direction). Static axial load is applied on the head of the column to simulate static loadings of the column before the blast pressure is applied on the column surface facing the explosion center.
BLAST LOADING
The idealized triangular ramp pressure time history is utilized to simulate blast loading in the analysis as shown in Figure 2 . The negative pulse is neglected. In this study, the blast loads are estimated according to formulae given in Shi, et al. [14] . A group of blast loads with different peak pressure and impulse combinations are uniformly applied to the column front face. It should be noted that if the explosion center is very close to the column, the uniform blast loading distribution assumption is not valid [15, 16] . 
STRAIN RATE
Strength, ductility and mass are important properties of materials used to create structural elements for resisting blast loads. However, additional material properties are required to describe the behaviour of structural components subjected to blast loading, rather than static loading. Material behaviour is significantly different under a rapid loading environment compared to static loading conditions. This is due to the materials inability to rapidly deform beyond the normal rate in static loading. This results in the stress level increasing at the yielding of the material. Consequently, a structural component, such as a beam or column, gains additional strength enhancement in excess of its static loading carrying capacity [17] . This strength enhancement is represented by the "dynamic increased factor" (DIF) in the blast analysis and is discussed in terms of changing strain rate. When a structural element is subjected to blast loading, strain rates typically vary in the range of 10 2 -10 4 s -1 . Figure 3 demonstrates strain rates variation for several loading conditions. The variation of the stress-strain relationship with strain rate is presented in Figure 4 for grade 40 concrete [4] . 
Concrete Strain Rate
Dynamic increase factors for concrete were applied on the materials stress-strain curve to properly capture the dynamic effect onto the material behavior. The ability of concrete to increase in strength as the strain rate increases is sometimes referred to as the dynamic increase factor (DIF). The DIF is a function of the compressive or tensile strength at high strain rates versus the compressive or tensile strength of the concrete at static testing strain rates.
In the current research, The dynamic increase factor for the tensile strength of concrete is presented by Malvar and Ross [18] that is presented as follows.
Where ft = Dynamic tensile strength fts = Static tensile strength (3)
Static uniaxial strength of concrete (in MPa) 10 MPa
The dynamic increase factor(DIF) for compression is typically determined by CEB Malvar [19] as follows:
Where 
Steel Strain Rate
Similar to concrete, reinforcing steel experiences an increase in material properties due to dynamic loading.
The enhancement factor for steel material is demonstrated by Malvar [19] that represented by below equation. ̇
Where Steel yield strength
VERIFICATION OF NUMERICAL MODELS
The numerical analyses presented in this study, was validated with results from an experimental work conducted by Baylot and Bevins [9] . Baylot and Bevins conducted an investigation on a quarter scale RC two storey framed building structure subjected to near field blast loads [9] . The tested RC column dimensions are 85×85 mm cross section and 935 mm height. The longitudinal reinforcements and the cross-tie reinforcements are 7.1 mm and 3.85 mm respectively. The peak pressure and impulse of the blast load are 7000 kPa and 1100 kPa.ms as measured in the test. Table 1 gives the material properties of the concrete and steel reinforcement of the scaled column. Figure 5 shows the comparison of the calculated and measured deflection time histories at the middle height of the column. As shown, the results obtained in the present analysis are very close to the measured deflection time history. The predicted residual deflection in the present analysis also agrees well with the measured residual deflection in the test. 
RESULT AND DISCUSSION
The numerical analysis was conducted to investigate the influence of stand-off distance and charge weight to dynamic response of RC column under blast load. The amplitudes and distributions of blast loads on a structure's surface are governed by factors including explosive charge characteristics (e.g. weight and type) and standoff distance between explosive and structure. The parameters influencing in blast are dependent on the value of energy released by the detonation in the form of a blast wave and the distance from the explosion. All these factors need to be accounted as they have contributed significantly to the structural response. The relationship between the scaled distance, z, stand-off distance, R, and the charge mass, W, is given by equation 12 [20, 21] .
Where R is the actual effective distance from the explosion and W is the charge weight as an equivalent mass of TNT. Using equation (12) , the ranges for scaled distance values for the same charge mass and different standoff distance are presented in Tables 2 and the ranges for scaled distance values for the same standoff distance and different charge weight are presented in Table 3 . Figure 6 show the maximum displacement plots at the center node of the RC column under different standoff distance and same charge weight and Figure 7 show the maximum displacement plots at the center node of the RC column under different charge weight and same standoff distance. According to Figure 6 , as the standoff distance increased to 6000 mm and then to 9000 mm, significant decrease in lateral displacement is observed for all column types. It's observed that when the RC columns are under lower standoff distance, the columns undergo the most severe damage and the RC columns fails due to high impulsive loading. However, when the columns are subjected to bigger standoff distance, the response of the RC columns is different. The results show that for an equivalent standoff distance of 2000 mm, a decrease in the scaled distance of the explosion results in an increase in the midpoint displacement.
As the charge weight increased to 3500 g and then to 5500 g, significant increase in lateral displacement was observed for all column types as shown in the figure 5 . The results show that when the RC columns are under lower charge weight, the columns undergo the most severe damage and the RC columns fails due to high impulsive loading. It was observed that for an equivalent charge weight of 20000 g, an increase in the scaled distance of the explosion results in a decrease in the mid-point displacement. Figure 9 shows the energy plots values at the center node of the RC columns under different charge weight and same standoff distance and figure 10 shows the energy plots values at the center node of the RC column under different standoff distance and same charge weight. According to figure 9, as the charge weight is increased to 3500 g and then to 5500 g, significant increase in total energy is observed for all columns types. Also the results show that when the standoff distance increased, the total energy is decreased with the same charge weight as shown in the figure 10 .
The results show that for an equivalent standoff distance of 2000 mm, a decrease in the scaled distance of the explosion results an increase in the total energy however for an equivalent charge weight of 20000 g, an increase in the scaled distance of the explosion results a decrease in the total energy. 
CONCLUSION
This paper presented the numerical analysis of the response of a RC column that was subjected to different charge weight and standoff distances. The analysis was performed using LS-DYNA non-linear explicit FE code.
The accuracy of the numerical models was verified using the findings of experimental data obtained by other researchers. The verified models were then used to simulate behaviour of RC column to blast loads. The results of this study show that the charge weight and standoff distance are a critical parameter that should be taken into account when analysing the behaviour of RC columns under blast effects.
